This review focuses on progress in the development of transport models for heterogeneous contaminated aquifers, the use of predicted contaminant concentrations in groundwater for risk assessment for heterogeneous human populations, and the evaluation of aquifer remediation technologies. Major limitations and areas for continuing research for all methods presented in this review are identified.
Introduction
Important objectives of an aquifer remediation technology are to reduce exposure concentrations of aqueous and nonaqueous phase contaminants below prescribed health standards for the least cost. Information required for meeting these objectives includes: determination of exposure concentrations in pumping or extraction wells prior to, during, and after remediation; health impacts of exposure on heterogeneous human populations; and evaluation of technology performance or effectiveness in achieving these goals. In the evaluation of remediation technologies, the variability of exposure doses and the variability of response in heterogeneous human populations are required. Figure 1 identifies the necessary information required, and the central role of the contaminant transport model for both risk assessment and for developing and evaluating reliable remediation technologies for contaminated aquifers. Predicted exposure doses from these models are required for risk assessments and they are required to evaluate the effectiveness of remediation technologies. This review focuses on progress in developing models for contaminant transport in the subsurface Groundwater Contaminant transport in the subsurface is transport through a porous structure that is neither uniform nor homogeneous. Subsurface contaminant transport models must incorporate and account for the impacts of spatial and compositional variabilities on contaminant transport processes and model parameters. In a given aquifer, the boundaries and flow channels of a groundwater aquifer cannot be determined with great precision. There are often zones that are completely saturated adjacent to zones that are partially saturated or unsaturated. The description of hydrodynamics in the subsurface is further complicated because the extent to which ground and surface waters are connected and the extent to which contaminants flow between ground and surface waters are difficult to characterize. The subsurface can also contain fractures, high permeability layers, discontinuous layers, impermeable lenses of soil and rock, and dislocations that can drastically alter local transport dynamics. In some situations, rapid convective transport channels can be located adjacent to slower convective-dispersive transport channels.
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For a contaminated aquifer, there is usually a paucity of data on the spatial variability of contaminant transport parameters, a major source of uncertainity in model predictions. Optimization methods are used to provide better estimates of these parameters because initial estimates of the statistical characteristics of these parameters must be inferred from information collected from a limited number of sparsely distributed observation wells or from textbook information. This process, referred to as the inverse problem, provides methods for developing better estimates of model parameters for a particular aquifer and makes it possible to predict spatial-temporal changes in contaminant concentration with less uncertainty.
As shown in Figure 1 , the output from contaminant transport models provides important exposure information for estimating health risks in human populations. The responses of populations exposed to contaminants in groundwater have been studied and extensive assessments made of such populations' risks of cancer. The assessment of cancer risk as a result of exposure to environmental chemicals is a four-step process. The first step is hazard identification, in which a preliminary causative link is established between exposure and adverse health impacts. This is followed by an assessment to determine how and to what extent people are exposed. The Figure 2 represents an attempt to identify the variety of subsurface structural and compositional features of an aquifer that must be accounted for in developing models to describe contaminant transport. Not all aquifers have the same level of complexity, but it is important and necessary to begin with a comprehensive representation that can then be modified as information on the transport characteristics of an aquifer is acquired. Thus, a mathematical model will be selected that best represents the transport dynamics of a specific aquifer.
Contaminant Transport Models
In the process of model selection and development, the first considerations are the structural and compositional characteristics of the subsurface aquifer and the chemical/biochemical characteristics of the contaminant. As indicated in Figure 2 Figure 3 . Interactions of exposure, environmental factors, and internal physiologic and pharmacologic processes that affect disease-adapted from Hulka (1) . Characterizing uncertainty in all of these processes is important for understanding individual susceptibility. [4] where the retardation factor, Rf (dimensionless), for equilibrium sorption is defined as Rf =1+ PB KW [5] If sorption is not an equilbrium process, it can be described by an interphase mass transfer process (12, 19, 22) as S = iCc, [6] where K is an overall mass transfer coeffi- C(x,y,z,t) = F(Dh,Ksat,AIKC,E,PB) [8] However, some subsurface contaminant transport problems occur in conduit-type flow aquifers (30) that do not behave like flow-through porous media. For these aquifers and flow regimes, equivalent hydraulic characteristics must then be defined and used in Equation 8 to describe the contaminant concentration profile.
Contaminant Transport Models for the Unsaturte Zone Contaminant transport in the unsaturated zone of the subsurface is important for describing transport of agricultural chemicals, spilled chemicals on the surface, chemicals leaking from underground storage tanks, chemicals placed in lagoons, and waste chemicals leaching from buried waste sites. For unsaturated transport, equations describing moisture, heat, and contaminant transport in the gaseous liquid, and solid phases of the subsurface must be included and solved simultaneously to predict spatial-time changes in contaminant concentrations (29, (31) (32) (33) (34) (35) . If the contaminant is an unreactive organic solute or liquid with a low vapor pressure, vapor phase transport of the contaminant is usually negligible and is not induded in model development. However, if the contaminant is volatile or can be transformed into a gas, vapor phase transport of the contaminant must be included in model development along with the water vapor transport equation (36) . Such behavior and changes in phase have been observed during the biologically mediated dechlorination of tetrachloroethylene and trichloroethylene to dichloroethylene isomers and then to vinyl chloride and finally to ethylene (37, 38) .
For contaminant transport in the unsaturated zone of an unconfined aquifer or water table aquifer, the element of volume required for description of all transport phenomena must include the atmosphere above the subsurface. In addition to atmospheric transport phenomena, transport of moisture, heat, and contaminant in both the water and the water vapor phases must also be included in the model. In Figure 4 , the characteristics of this expanded element of volume and the processes and process laws that are included in a deterministic model are shown. Transport of heat, moisture, and contaminant are occurring simultaneously, but on the right-hand side of this diagram, the three transport phenomena have been separated to show the physical-chemical processes that are applicable. Using the subscripts w for water phase and v for vapor phase and letting 9 be the moisture content or degree of saturation, the moisture transport equation is written as
the heat transport equation as at{ (1 ) In most instances, however, the initial distribution function estimates for groundwater flow velocities and dispersion coefficients are uncertain because they are difficult to measure. As a result, predictions of contaminant concentrations at specified locations may not be very accurate. Finding optimal distribution functions for model transport parameters or solving the inverse problem for the contaminant transport equation has two major problems Bayes' theorem, we have -P(IAI A)P(A)dA [14] where P(AIIA) is the updated or posterior distribution of the random transport variable A that predicts contaminant concentrations at a pumping well that are very close to actual measured concentrations. Figure 5 represents the steps in the development of transport models for a contaminated aquifer and how distribution functions for model transport variables are adjusted by Bayesian updating to provide better estimates of these variables for a particular contaminated aquifer (53) (54) (55) (56) (74) (75) (76) (77) [15] for noncarcinogens R (D) = 0, for D< Dt [16] where D£ is the threshold dose below which there is no observed adverse effect. In actuality, zero exposure doses cannot be achieved, and risk assessment is concerned with the determination of safe exposure doses or the distribution of safe exposure doses that are greater than zero but produce a negligible increase in cancer incidence over background. Presently, many of the same procedures for carcinogenic risk assessment are being adapted to and modified for immunotoxicity (91) (92) (93) , reproductive and developmental toxicity (94) (95) (96) (97) (98) , and neurotoxicity (99) . (100) . Many of the current models (100-110) are modifications and expansions of earlier work by Armitage and Doll (101) .
Models ofCarcinogenesis
In the multistage model, exposure to carcinogenic chemicals is assumed to enhance the transition rates of normal stem cells from one stage to the next. The simplest method of representing the transition rate from one stage to the next as a result of carcinogen exposure is a linear function, given as = a+fPiD [17] where Xi is the transition rate from one stage to the next, ai is a rate constant for spontaneous transitions, e.g., transitions that occur in the absence of exposure, and .Bi is the transition rate per unit dose as a result of exposure. The probability of a malignant cell being developed as a result of unrepaired mutational events occurring in normal cells is rare and can be represented by a Poisson process as R(D,t) = 1-exp[-ctkf(ai + PID)] [18] where c is a constant to be determined. For a fixed time or age, t, usually 2 years for a bioassay, the exponent becomes a polynominal in the dose rate D and the probability of cancer is given as
..kD [19] For carcinogenic chemicals, values for the parameters in these multistage models of carcinogenesis are determined by maximum likehood methods applied to doseresponse data from the bioassay (88, 90 19 ).
There are several significant concerns with using models of carcinogenesis and empirical formulas to determine equivalent doses for estimating cancer risk and safe exposure concentrations for the very low exposure concentrations encountered in contaminated groundwater. As with contaminant transport models, there are uncertainties about the processes that transform normal cells into malignant cells and uncertainties in carcinogenesis model parameters. The parameters in a multistage model of carcinogenesis are determined in the high and medium dose ranges of the doseresponse curve. The parameterized model is then used to determine cancer risks for low exposure doses. In the low-dose region, it is not at all certain how cancer risk varies with dose. It makes a big difference in the determination of safe dose concentration for a given cancer risk if the shape of the curve is linear or nonlinear in the low-dose region of the dose-response curve, as shown in Figure  6 . For the same cancer risk, the safe dose for a linear dose-response curve can be substantially less than that of a nonlinear dose-response curve that has a sublinear or concave shape in the low-dose region, as shown in Figure 6 . Another way to interpret these two curves is that the linear model curve will provide a more conservative cancer risk estimate than the concave model curve. To overcome this problem, DNA adducts formed with carcinogenic chemicals or their metabolites may represent an important method to quantify the transition of normal cells into malignant cells and quantify cancer effects at low doses and provide insight about how this occurs. In addition, DNA adduct formation may represent a better method of correlating actual contaminant exposure concentrations observed in pumping wells with the processes that transform normal cells into malignant cells (112) (113) (114) (115) (116) (117) (118) (119) (120) (121) (122) .
Physiologicaily Based Pharmacokinetic Models
The method for determining the equivalent or biologically effective dose in target organs and tissues does not directly include physiological and pharmacological processes in the whole animal. Empirical scale factors are used to relate exposure doses in laboratory animal studies to predict exposure doses in humans. In addition, risk is computed by using dose-response data for an average experimental animal to predict the cancer risk for an average human. By using the risk of cancer for an average human to predict risk of cancer for a heterogeneous human population, individual variability in EDs is de-emphasized and not adequately accounted for.
To incorporate biological information on carcinogenesis into the risk assessment process, it has been suggested [Andersen et al. (123) Figure 6 . Shapes of dose-response curves in the lowdose region. The shape of the dose-response curve in the low-dose region can greatly affect the estimate of safe doses for a negligible cancer incidence. If the curve is quadratic or concave downward in the lowdose region, safe doses for a specific cancer incidence will be much greater than if the curve is linear. describe contaminant transport, partitioning between blood, and compartmental tissues and transformation or metabolism of the contaminant. These phenomenological models are used to predict contaminant concentrations as functions of time in various organ systems and tissues. Figure 7 shows the compartmental characteristics of a generalized PBPK model that includes exposure via ingestion and inhalation. The general form of the mass balances for a contaminant in each compartment that includes not only flow processes but also transformation of the contaminant by biochemical/metabolic processes is given as dCj Dj(t) + . {( Q ij In Figure 7, Flow diagram for PBPK model. The compartments represent regions of the body and can be discrete organs, such as kidney or liver, or widely distributed anatomical regions, such as muscle and fat. Mass balances describe transport by blood flow of contaminants into and out of each compartment. Rapidly perfused tissues include the spleen, brain, liver, and kidney. Slowly perfused tissues include muscle. Metabolism occurs predominantly in the liver but can also occur in the lung. Parameters in these models can be grouped as anatomicalblood flow rates, organ volumes; thermodynamic-equilibrium partition coefficients; physiologic-metabolic and clearance rates for contaminants; and transport-diffusion and sorption coefficients for contaminants. (108) .
Evaluating Remediation Technology Performance
The performance of a remediation technology in reducing health risks for the least cost can be determined using the second moment method (132 (133) . In this study, contaminant plume concentrations for trichloroethylene were incorporated into the risk assessment process to produce cancer risk contours for the contaminated aquifer. Determining FT(C) can be accomplished by using dose-response relationships from laboratory animal studies or by using regression formulas from epidemiological studies that relate mortality or disease incidence to contaminant concentrations. There is limited epidemiological experience in developing regression formulas relating disease incidence to contaminant concentrations in groundwater because of lack of extensive or accurate monitoring data on contaminant exposure concentrations in pumping wells. However, there is extensive experience in developing regression formulas for relating cardiovascular and respiratory mortality to air pollutant concentrations that would suggest that the use of regression formulas is feasible for this performance evaluation method. Recent reviews on the development of regression formulas relating mortality to particulate air pollutant concentrations are given by Schwartz (134) , Pope et al. (135, 136) , and Shumway et al. (137) .
Conclusions
There are many similarities in the sources of uncertainty in estimating exposure concentrations with contaminant transport models and in estimating health risks with biologically effective exposure concentrations in target organs and tissues using PBPK models. Progress has been made on methods to reduce uncertainty in single contaminant concentration predictions for heterogeneous aquifers that are fairly uniform, e.g., without large fractures that drastically alter transport dynamics. For more complex aquifers and for unsaturated contaminant transport, multiple contaminant, multiple phase transport, more research is needed on understanding physical-chemical-biological processes and how they interact and affect contaminant transport. In addition, another important continuing research need is the characterization of the variability in response in heterogeneous human populations as well as the use of this information in risk assessment. Based on this review, several specific research needs are offered.
Reliable groundwater quality data are essential for the development of models describing contaminant transport in the subsurface and for risk assessment in heterogeneous human populations. Reliable and inexpensive methods are required to monitor more extensively contaminant concentrations in pumping wells and biological tissues. In this regard, immunoassays have been developed for monitoring contaminants in water, soil, food, and biological tissues (138) (139) (140) (141) (142) (143) (144) (145) (146) (147) (148) (149) (150) (151) . Data from these assay systems, along with standardized chromatography/mass spectroscopy chemical analysis methods, make it possible to randomize the transport parameters in contaminant transport and PBPK models in a more reliable manner. Using water quality monitoring data from observation wells, initial distribution functions for transport variables can be adjusted to develop transport models that predict more accurately the transport behavior of a specific contaminated aquifer.
Many models of varying degrees of complexity for incorporating subsurface heterogeneity have been developed. Criteria are needed to identify conditions for the application of a particular model for a specific aquifer so that the uncertainty in estimating contaminant concentrations at pumping and monitoring wells can be minimized and to ensure that the most appropriate transport model is selected for that aquifer.
PBPK models that incorporate variability in physiologic and pharmacokinetic parameters for determining exposure or biologically effective doses in target organs and tissues may make it possible to represent the cancer risks for heterogeneous human populations in a more realistic manner. For a specified low or negligible cancer risk, a distribution of safe doses for a specific contaminant can be calculated rather than a single or very narrow range of safe doses. This makes the process of risk assessment much more complicated and uncertain but may represent an approach that incorporates individual susceptibility and diversity and may reduce the importance of the shape of the dose-response curve in the low-dose region. In addition to cancer risk assessment, risk assessment methods need to be developed for reproductive toxicity, neurological diseases, and disease resulting from immunological dysfunction.
The performance and cost of aquifer remediation technologies for reducing health risks can be evaluated more effectively if the variance and mean of the distribution function for human health risks as a result of exposure to aquifer contaminants can be determined with a greater degree of certainty than is currently available. The characterization of health risk variability for homogeneous and heterogeneous populations is very important information that is needed to develop and evaluate fully the effectiveness and performance of remediation technologies to reduce health risks for the least cost. In this regard, greater use of biological indicators of exposure and disease in epidemiological studies may be an important research activity to continue and to expand (152) (153) (154) (155) (156) .
